It is generally thought that the sulfate reduction metabolism is ancient and would have been established well before the Neoarchean. It is puzzling, therefore, that the sulfur isotope record of the Neoarchean is characterized by a signal of atmospheric massindependent chemistry rather than a strong overprint by sulfate reducers. Here, we present a study of the four sulfur isotopes obtained using secondary ion MS that seeks to reconcile a number of features seen in the Neoarchean sulfur isotope record. We suggest that Neoarchean ocean basins had two coexisting, significantly sized sulfur pools and that the pathways forming pyrite precursors played an important role in establishing how the isotopic characteristics of each of these pools was transferred to the sedimentary rock record. One of these pools is suggested to be a soluble (sulfate) pool, and the other pool (atmospherically derived elemental sulfur) is suggested to be largely insoluble and unreactive until it reacts with hydrogen sulfide. We suggest that the relative contributions of these pools to the formation of pyrite depend on both the accumulation of the insoluble pool and the rate of sulfide production in the pyrite-forming environments. We also suggest that the existence of a significant nonsulfate pool of reactive sulfur has masked isotopic evidence for the widespread activity of sulfate reducers in the rock record. S observed early in the geologic record, suggesting that sulfate concentrations were lower in Earth's early oceans. It is not known if other factors also played a part in generating the small range of δ 34 S fractionations observed in the Neoarchean. We note that very large fractionations can occur at only slightly higher sulfate concentrations (1.1-2 mM) (3) and that the low concentration limit for generation of large fractionations associated with sulfate reduction may eventually be revised.
It is generally thought that the sulfate reduction metabolism is ancient and would have been established well before the Neoarchean. It is puzzling, therefore, that the sulfur isotope record of the Neoarchean is characterized by a signal of atmospheric massindependent chemistry rather than a strong overprint by sulfate reducers. Here, we present a study of the four sulfur isotopes obtained using secondary ion MS that seeks to reconcile a number of features seen in the Neoarchean sulfur isotope record. We suggest that Neoarchean ocean basins had two coexisting, significantly sized sulfur pools and that the pathways forming pyrite precursors played an important role in establishing how the isotopic characteristics of each of these pools was transferred to the sedimentary rock record. One of these pools is suggested to be a soluble (sulfate) pool, and the other pool (atmospherically derived elemental sulfur) is suggested to be largely insoluble and unreactive until it reacts with hydrogen sulfide. We suggest that the relative contributions of these pools to the formation of pyrite depend on both the accumulation of the insoluble pool and the rate of sulfide production in the pyrite-forming environments. We also suggest that the existence of a significant nonsulfate pool of reactive sulfur has masked isotopic evidence for the widespread activity of sulfate reducers in the rock record. 
O
ver the past 30 y, a significant amount of sulfur isotope data has been collected for sedimentary rocks and used as a way to study past atmospheric chemistry and biological activity. One feature of the sulfur isotope record that has been well-documented in the literature is a change from a relatively small range of variability for δ 34 S in Archean sediments to a larger range in younger sediments. Interpretations of the δ 34 S ½ð 34 S= 32 SÞ sample =ð 34 S= 32 SÞ V -CDT − 1 record have linked this pattern primarily to changes in the way that organisms metabolize sulfur. Experiments have shown that the magnitude of sulfur isotope fractionation diminishes as sulfate concentrations decrease (1) . At low sulfate concentrations, sulfate reducers express only small fractionations, because the sulfate reduction metabolism operates as a nearly unidirectional chain of metabolic steps, and the isotope effects associated with each of the individual metabolic steps are not expressed in the final metabolic product (cf. 2). This microbial response to sulfate concentration has been invoked as the principle reason for the small range of δ
34
S observed early in the geologic record, suggesting that sulfate concentrations were lower in Earth's early oceans. It is not known if other factors also played a part in generating the small range of δ 34 S fractionations observed in the Neoarchean. We note that very large fractionations can occur at only slightly higher sulfate concentrations (1.1-2 mM) (3) and that the low concentration limit for generation of large fractionations associated with sulfate reduction may eventually be revised.
Another feature of the sulfur isotope record is revealed by the Δ
33
S values of pyrite and sedimentary sulfate, which provide additional information about the evolution of the sulfur cycle. The range of variability for Δ
S is significantly greater in samples older than ∼2.4 Ga than in younger samples (e.g., compilation in refs. 4 and 5) . This observation has been linked to the production, transfer, and preservation of mass-independent sulfur isotope signals (presumably of atmospheric origin) early in Earth history. The production of this signal in the atmosphere and its subsequent transfer to the Earth surface is sensitive to atmospheric O 2 levels and the redox state of sulfur in the atmosphere (6) . Furthermore, the preservation of a mass-independent signal in the sedimentary record is sensitive to the intensity of redox cycling of sulfur in surface environments, which is greater in an oxidized world (4, 7, 8) . The disappearance of the large range in Δ
S variability from the geologic record at ∼2.4 Ga has, therefore, been attributed to the rise of atmospheric oxygen. Studies that have looked at the late Archean sulfur cycle in detail have also argued that the mean value for the samples analyzed thus far shows a positive Δ 33 S bias (9) . The origin of this bias is not understood but may be linked to the identity of the sulfur pools in the early oceans and the transfer of sulfur from these pools to sedimentary pyrite in the late Archean.
In 
Samples
The samples investigated here are from the GKF01 drill core, which intersects well-preserved sediments of the ∼2.65-to 2.5-Ga Campbellrand-Malmani carbonate platform (Ghaap Group, Transvaal Supergroup, South Africa) (12) . Sample selection was guided by a previous study undertaken by Zerkle et al. (11) . A subset of the strata studied by Zerkle et al. (11) was selected for more detailed analysis, with the aim of evaluating variations in the four sulfur isotopes at the grain and subgrain scale. Samples were also selected to test whether the nature of grain-scale isotopic heterogeneity measured by SIMS supports or contradicts hypotheses developed in the study by Zerkle et al. (11) on the basis of whole-rock SF 6 analyses.
Two types of samples were chosen for this study. One subset of samples consists of fine-grained laminated clastic lithologies (shales and siltstones) with small disseminated pyrites distributed along bedding planes. The pyrite grains range in size from a few microns to a few tens of microns. These samples permit evaluation of isotopic heterogeneity at the grain scale and between Δ
33

S and Δ
36
S for different pyrite grains. Another sample type ( Fig. 1 ) is similar to that described by (13) and possesses a carbon-rich horizon with large ovoid pyrite grains of a few millimeters in their longest dimension and a few hundred microns in their shortest dimension. Overlaying the carbon-rich horizon is a fine-to medium-grained siltstone that hosts euhedral pyrite grains. In some cases, the euhedral grains overgrow the ovoid grains, and in other cases, the euhedral grains are isolated in the matrix. The euhedral pyrites range from 100 to 700 microns in their largest dimension. 
Results
36
S are slightly mass-independent and follow the same relationship as disseminated grains in this sample. At least some of the sulfur in this vein is Archean in origin because of mass-independent fractionation (MIF), but the vein is also a texturally late feature, and it is not clear whether it formed shortly after the rock was consolidated or maybe tens or hundreds of millions of years after its formation. If the vein formed very late, it is possible that the strongly negative δ 34 S reflects a late mass-dependent fractionation overprinted on mass-independent sulfur. Because of this uncertainty, we will not discuss this sample further, but work on this sample continues to understand its significance.
Sample 1,102.6, which contains two types of pyrite grains, yielded in situ analyses with both S all seem to be correlated for the type 2 grains, and the arrays formed by multiple analyses of types 1 and 2 grains may be part of a single larger array ( Figs. 1 and 2 ).
Discussion
Comparison of SF 6 and SIMS Measurements. In situ analyses of pyrite using SIMS have revealed striking heterogeneity for δ 34 S and Δ 33 S at the grain and subgrain scales (14, 15) , which has raised questions about the interpretation of bulk rock centimeter-scale analyses undertaken by SF 6 methods. The SIMS analyses presented here also reveal heterogeneity for δ 34 S and Δ
33
S that was not resolved by the bulk chrome reduction preparation followed by SF 6 analyses presented by Zerkle et al. (11) . Perhaps more importantly, the SIMS analyses presented here do not match the composition of all four sulfur isotopes presented in the study by Zerkle et al. (11) . In an effort to address this discrepancy, we have reanalyzed splits of the same samples and find that the agreement between SIMS methods and SF 6 analyses is better but still not perfect (data for samples at depths 888.3, 729.7, and 1,404.6 in Fig. 2 ). We are not certain whether the differences in Δ
S and δ
34
S between the SF 6 measurements and the mean values of the SIMS analyses are attributable to the fact that SIMS measurements were undertaken on closely related but technically different samples or whether the differences reflect real differences in grain size distribution or the sulfur species analyzed by the two techniques. Both techniques have limitations. SIMS analysis ensures that only pyrite is analyzed but requires grains that are larger than the primary ion beam, whereas chrome reduction techniques can extract all of the pyrite sulfur but also include sulfide phases other than pyrite (e.g., elemental sulfur and other sulfide phases).
The general field defined by all of the arrays for individual SIMS analyses overlaps with the field given by the SF 6 data but otherwise, shows no direct relationship with the whole-rock data. These differences presumably reflect differences in average signals as well as differences in the way that mass-independent signatures are overprinted by mass-dependent processes in Archean pyriteforming environments.
We observe a consistent relationship between Δ 36 S and Δ
33
S values across larger stratigraphic intervals from grains measured for individual samples and whole-rock samples (Fig. 3) . Variations in the relationship between Δ mixing hypothesis is the inference that the arrays formed by individual grains within single samples will also be linear. SIMS measurements of different grains from the samples that we have analyzed form an array that includes the analyses by Zerkle et al. (11) and seem to support this assumption (Fig. 3) . These data additionally suggest that measuring slopes in Δ 36 S vs. Δ 33 S using either SIMS or bulk extraction techniques could provide a useful geochemical tool in correlating different sections deposited around this time.
Evidence for Large S Isotope Fractionations by Sulfate Reducers. We interpret the negative δ 34 S of the type 1 grains (sample 1102.6) to reflect sulfide production by sulfate reducers that were growing in an environment, where sulfate concentrations were sufficiently high to produce large sulfur isotope fractionations and the sulfate pool was sufficiently large that its composition was not significantly shifted as a result of complete consumption during sulfate reduction. If the sulfate was consumed entirely, one would not expect to see a relatively stable, strongly negative δ 34 S in the product pyrite, even if the fractionations were large. This result suggests a relatively large pool of available sulfate at the time that the type 1 grains were formed and could imply that these grains formed in a setting that facilitated communication with the oceanic sulfate pool, such as at the sediment-water interface, implying sulfate exchange within the water column (eddy mixing rates) that were sufficient to outcompete sulfate drawdown by sulfate reducers (sulfate reduction rates). There are several implications of this interpretation. Three requirements explain our data.
i) The evidence for large fractionations in our samples may imply that sulfate concentrations were slightly above the concentration threshold suggested in ref.
1 or that this threshold should be revised to lower sulfate concentrations. ii) The lack of evidence for large fractionations elsewhere in the Archean record implies either global sulfate concentrations below this threshold or that there is some other control on the expression of these large fractionations in pyrite-possibly associated with access to a sulfate pool that is not subject to draw down and Rayleigh fractionation. iii) If it is the latter, sulfate concentrations were high enough in the sulfate pool to limit effects of drawdown and Rayleigh fractionation during precipitation of ovoid grains.
It also might be argued that evidence presented here is from a single sample and that sulfate concentrations were locally enhanced or unusually high at the time that the sample was deposited. We find it difficult to make a strong argument for this alternative, because it would require a mechanism for concentrating sulfate with negative Δ (19) . Although it is possible that evaporation in Archean basins may have concentrated sulfate to a greater degree than today, we do not favor this explanation for the observed large fractionations. We argue, instead, that sulfate concentrations may have been high enough in much of the Neoarchean to allow expression of large metabolic fractionations but that a combination of near-quantitative sulfate reduction and a second source of sulfide prevented the signatures of sulfate reduction from being preserved, implying that sulfate concentrations were high enough to allow for large fractionations to be expressed.
Experimental and field studies have suggested that large framboidal pyrite grains typically form in sulfide-rich environments and associated with rapid rates of pyrite formation, whereas euhedral pyrite grains form in settings where sulfide concentrations are lower and pyrite formation rates are slower (20) (21) (22) . We interpret the type I (ovoid) pyrite grains as relict framboids, suggesting that the isotopic composition of these grains formed in a setting where sulfide was abundant and derived principally from an oceanic sulfate pool with negative Δ 
S signals of sulfate reduction in the Neoarchean record might reflect (in part) the nature of the sulfur pools in Neoarchean depositional environments and the way that the sulfur isotope signatures from different sulfur pools were transferred to sedimentary pyrite precursors. We explore these possibilities next.
Nature of Sulfur Pools in the Neoarchean Oceans and Sediments. The clustering of sulfur isotope data into two fields defined by grain type in sample 1,102.6 suggests the presence of two sulfur pools in the environments in which these pyrites formed. One pool had strongly negative δ grey filled diamonds) . The sample numbers refer to the depth from which they were sampled in the core. Error bars are estimates of 2σ. Lines on plots are simple regressions through SIMS data (constrained through origin for all but sample 1,102.6 m).
suggesting that these pools are virtually contemporaneous and distinct and that the differences in isotopic composition do not reflect temporal evolution of a single pool.
Evidence from barite, volcanogenic massive sulfide deposits (VMS), komatiites, and carbonates (9, 24, 25) suggests that the negative Δ 33 S pool in the Archean resided as oceanic sulfate, suggesting that the sulfur isotope record of Archean pyrite (which has positive Δ 33 S mean and median values) is controlled by factors other than direct formation from the products of sulfate reduction.
The high proportion of Neoarchean pyrite measurements yielding positive Δ 33 S suggests a significant contribution from a sulfur pool with positive Δ 33 S. The source of the positive Δ 33 S and δ 34 S sulfur in Neoarchean sediments has been a topic of considerable discussion (7, 13, 26, 27) . We suggest that the preponderance of data with positive Δ 33 S implies a standing sulfur pool in addition to the oceanic sulfate pool. We suggest that this standing pool derives from atmospheric deposition of zero valent sulfur that accumulated as insoluble compounds in Neoarchean sediments but that the distribution of this sulfur may not have been uniform across the globe. Zero valent sulfur species may have accumulated preferentially in sedimentary basins proximal to volcanic and biogenic sources of atmospheric sulfur gases because of atmospheric residence times on the order of days to weeks (6, 28) .
Hypothesis Linking Sulfur Pools, Formation of Pyrite Precursors, and MIF S Records. We suggest that the pathways associated with the transfer of sulfur to pyrite can provide a way to reconcile a number of diverse aspects of the Archean sulfur isotope record. These pathways include (i) the bias to positive Δ 33 S in the larger Neoarchean dataset (9), (ii) the preservation of pyrite with both positive and negative Δ S arrays for analyses of both bulk sulfide and disseminated grains. As discussed above, the appearance of two distinct populations of pyrite in Neoarchean samples like sample GKF01 1,102.6 could imply that pyrite sulfur was derived from two separate sulfur pools. S could have acquired most of its sulfur from polysulfides that were produced when small amounts of biogenic sulfide reacted with atmospherically derived elemental sulfur. In this case, the relative proportion of sulfate-derived sulfur to sulfur derived from zero valent species would be small, and the zero valent species would control the isotopic composition. In contrast, pyrite exhibiting negative Δ
S would have acquired its sulfur either directly from sulfide produced by sulfate reduction or from a polysulfide pool that had exchanged extensively with biologically produced sulfide, implying a mass balance that favored sulfate-derived sulfide over polysulfidederived sulfide from a zero valent species.
We suggest that, for the different pyrites in sample 1,102.6, the ovoid (type 1) pyrites formed in a setting where sulfate-derived sulfide was abundant, and the euhedral (type 2) pyrites formed at a slightly later time in a setting with less sulfate-derived sulfide, where sulfur for pyrite formation was provided by polysulfide derived from an elemental sulfur precursor. An unresolved issue with this hypothesis is how the different forms of sulfur (sulfate-derived sulfide and zero valent-derived polysulfide) were supplied to the microenvironments where pyrite formation occurred. The sulfate pool would presumably have been present in soluble forms in the Neoarchean ocean, but the location of the elemental sulfur pool is less certain. This pool may have accumulated as an insoluble component of sediments that was later converted to a soluble, reactive, and mobile form of polysulfide when it reacted with small amounts of hydrogen sulfide produced by sulfate reducers.
Synthesis and Possible Implications. The hypotheses and data presented here can be synthesized as follows.
The relationship between Δ 36 S and Δ
S observed in the SIMS analyses is consistent with observations of this relationship in centimeter-scale samples measured using the SF 6 technique and reported in the work by Zerkle et al. (11) . This compositional measure was interpreted as an atmospheric signature that reflected short-lived changes in atmospheric chemistry. Our observations here continue to support this hypothesis.
We suggest that Archean pyrite with positive Δ 33 S (and possibly, the majority of Neoarchean pyrite) acquires its Δ 33 S and Δ 36 S from a standing pool of zero valent sulfur that is activated by reaction with H 2 S. Formation of pyrite always requires the presence of sulfide; however, the Δ 33 S signature preserved in this pyrite depends on the concentration of sulfide in the environment. In cases where sulfate reduction rates were low and sulfide production rates were low, the sulfur transferred to pyrite came from polysulfide ions that were formed as a result of reaction between small amounts of sulfide and larger amounts of atmospherically derived elemental sulfur with positive Δ 33 S. The ratio of sulfate-derived sulfur to zero valent sulfur at equilibrium with a soluble polysulfide pool is 3.6 at pH 8 and may be as high as 4.0 at pH 9 (31). Once formed, polysulfide and sulfide will exchange isotopes, but with a significant proportion of sulfur coming from elemental sulfur, the signature of sulfate will not be expressed except in cases where sulfate reduction rates are very high. In cases where sulfate reduction rates were high and sulfide concentrations were high, the sulfur transferred to pyrite came from polysulfides that were either derived from or have exchanged extensively with biologically produced sulfide with negative Δ
S. This hypothesis can also partially explain why the majority of Δ 33 S analyses of sulfur from the shales studied to date has shown a bias to positive values. These shales may come from marginal basins, where an atmospheric zero valent species preferentially accumulated and dominated the sulfur isotope signature of pyrite. This hypothesis would require relatively small contributions from sulfate-derived sulfide and may imply that atmospheric deposition of zero valent sulfur was concentrated in certain regions. We envision depositional basins that were proximal to biogenic (or volcanic) sources of atmospheric gases, such as H 2 S, methylated sulfur gases (e.g., dimethyl sulfide or methane thiol), and possibly, sulfur dioxide. We suggest that heterogeneity in atmospheric deposition may reflect relatively rapid atmospheric production and subsequent short residence times for rainout of S 8 aerosols. On a global scale, sulfate sinks from the oceanic pool may have been associated with hydrothermal activity (e.g., VMS and Ni sulfide komatiite-hosted ores) (9, 24, 27) and possibly, sulfate reduction in systems, where less atmospherically derived zero valent sulfur was delivered.
This hypothesis could also reveal an important difference in the source of polysulfide before the rise of oxygen. Our isotopic data point to an anoxic world, where the pathways for production of polysulfides would have involved reaction between hydrogen sulfide and an atmospherically derived elemental sulfur species. After the rise of oxygen (such as in modern environments), polysulfides would, instead, derive principally from oxidation of biogenically produced sulfide by Mn 4+ , Fe 3+ , or oxygen (31-34). Finally, this hypothesis may also provide a way to understand the paucity of isotopic evidence for bacterial sulfate reduction in the Neoarchean-a time when other evidence suggests that these organisms were active. The changes in Δ 33 S and Δ 36 S that we observe for different pyrite grains could be explained by mixing of sulfide sulfur produced by sulfate-reducing bacteria with sulfur derived from a zero valent pool. The lack of evidence for strongly negative δ 34 S for much of the Archean pyrite analyzed to date could reflect a predominant source for pyrite sulfur other than biologically produced sulfide (e.g., polysulfides).
The data presented here provide evidence for δ 34 S fractionations in pyrite approaching 30‰ in one Neoarchean setting. This estimate is obtained by assuming that Neoarchean seawater had a δ 34 S value of ∼10‰ (9, 27) . The magnitude of this fractionation is large, and it is not clear how fractionations of this magnitude can be reconciled with the present consensus that sulfate concentrations in the Archean oceans were below a threshold for expression of large fractionations between sulfate and buried pyrite (1) . Note that some arrays seen on plots of δ 34 S vs. Δ 33 S also suggest an endmember with strongly negative δ 34 S (14) . If the strongly negative δ 34 S observed here for grains from the sample at 1,102.6 m reflects sulfate reduction at the sedimentwater interface, it may indicate that sulfate concentrations in ocean water were above the threshold for bacteria to produce large fractionations but that, when pyrite formation occurred within sediments, drawdown of sulfate in the sediments, combined with the added contributions of sulfur ultimately derived from zero valent sulfur, prevented a clear signal of large sulfur isotope fractionations from being preserved. One thing that we find striking is the rarity of evidence for strongly negative δ 34 S and negative Δ 33 S signatures of sulfate reduction in organic-rich Neoarchean shales, which suggests that most of the sulfur in these pyrites and also, pyrite analyzed from other Neoarchean successions comes from a nonsulfate-sulfur pool. This bias may, in part, reflect masking of signals caused by bulk analysis techniques, but we suggest here that it also reflects a broader process related to pyrite formation.
Materials and Methods
Sulfur four-isotope ratios ( × S/ 32 S) were determined using a Cameca IMS 1280 ion microprobe in multicollection mode. In all cases, NMR regulation was used, and 32 S, 33 S, and 34 S were measured using Faraday cup detectors. 36 S was measured using an electron multiplier. Details of the methods are described in SI Appendix. SF 6 analyses were undertaken using standard fluorination techniques and isotope ratio MS using a Thermo Finnigan MAT 253 at the University of Maryland. Preparation of silver sulfide (used for fluorination) and SF 6 as well as the MS are described in ref. 11. X-ray maps were obtained using a JEOL 8530F microprobe, using a 20-kV, 100-nA point beam and a pixel dwell time of 85 ms.
